An analytical method was developed and validated for the measurement of hydroxyproline (Hyp) levels in mouse kidney by high-performance liquid chromatography with tandem mass spectrometric detection (LC/MS/MS) using an analytical column specially designed for the LC/MS/MS analysis for intact amino acids. Tissue hydrolyzed with hydrochloric acid could be directly injected into the LC/MS/MS, as well as separated and detected using the deuterium labelled Hyp as an internal standard. The calibration curve showed good linearity from 5 to 500 nmol/mg of tissue; the precision and accuracy, including within-and between-run, were less than 6% and within 100 ± 6%, respectively.
Introduction
Hydroxyproline (Hyp, Fig. 1 ) is a modified amino acid by hydroxylation in collagen biosynthesis and the derived amino acid, proline. Hyp is mainly contained in connective tissue protein, collagens, and its hydroxyl groups maintain to stabilize the collagen fiber. Hyp and the related peptides produced from the collagen decomposed by collagenase are located in biological fluids. The endogenous Hyp excreted from biological fluids is produced from degradation of various collagens, because free Hyp is not used for collagen biosynthesis again. 1, 2 The degree of tissue fibrosis is known to be correlated with the tissue functions, and the tissue collagen levels are known to increase with fibrosis. Since the Hyp content can be determined to evaluate the collagen levels that provide an indication of fibrosis, thus estimating the level of Hyp in tissue should be important for understanding the status of fibrosis. [3] [4] [5] To measure the concentrations of Hyp in biological samples or food, various methods have been developed, such as highperformance liquid chromatography (HPLC) with derivatization for fluorescence detection and high-performance liquid chromatography with tandem mass spectrometric detection (LC/ MS/MS). [6] [7] [8] [9] [10] [11] [12] [13] We have developed an analytical method for the determination of urinary Hyp in rat. This method involves separating the Hyp in hydrolyzed urine by column-switching HPLC and detecting it with electrogenerated chemiluminescence (ECL) using tris(2,2-bipyridyl)ruthenium(II), utilizing an HPLC-ECL system developed in our laboratories. 14 In the present work, we developed a new analytical method using the LC/MS/MS to measure the total Hyp in mouse kidney. We focused on the significance of determining Hyp as a tissue biomarker indicating the pathological status related to collagen degradation using the mouse as a model animal. Our analytical method can determine Hyp in tissue with an analytical column specially designed for the LC/MS/MS analysis for intact amino acids using a deuterium labelled Hyp as an internal standard (Fig. 1) . 15, 16 Chromatographic separation of leucine and isoleucine having the same molecular weights was successfully achieved. The method also has the advantage of direct injection of the hydrolysates after lyophilization of kidney into the LC/MS/MS system. A full validation study of our method gave satisfactory results, showing the method to be reliable and robust for determining the total Hyp in mouse kidney. This LC/MS/MS method has the advantages of a shorter run time and simple sample preparation, compared to the HPLC-ECL method. Our LC/MS/MS method could also be applied to determining Hyp levels in the kidney of unilateral ureteral obstruction (UUO) mice with induced tubulointerstitial fibrosis. [3] [4] [5] 17 Fig . 1 Chemical structures of hydroxyproline (Hyp) and the internal standard (IS).
Notes

Experimental
Reagents and chemicals
L-Hydroxyproline (Hyp), 6 mol/L hydrochloric acid (HCl), formic acid, and ammonium formate were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Trans-4-hydroxy-L-proline-2,5,5-d3 (as an internal standard, IS) was purchased from C/D/N Isotopes, Inc. (Quebec, Canada). Water, L-leucine and L-isoleucine were obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Acetonitrile was from Kanto Chemical Co., Inc. (Tokyo, Japan). All solvents and reagents were of the guaranteed grade, or higher.
Apparatus
The chromatographic system consisted of a Prominence 20A system (Shimadzu, Kyoto, Japan). The column used was an Intrada Amino Acid (3 × 50 mm i.d., 3 μm, Imtakt Corp., Kyoto, Japan) and the column temperature was set up at 40 C. Mobile phase A was acetonitrile containing 0.3% formic acid, while mobile phase B was 100 mmol/L ammonium formate. The flow-rate of the mobile phase was set at 0.6 mL/min. In the gradient program of the mobile phases, solvent B was held at 10% for 0.5 min and increased from 10 to 25% for 5.5 min over a linear gradient curve, then increased to 100% at 6.01 min, and held for 1 min. Next, solvent B was decreased to 10% at 7.01 min and held for 1 min. The total run time was 8 min. Quattro Premier XE (Micromass, Manchester, UK) was used as a mass spectrometer and operated in the positive ion electrospray ionization mode. Nitrogen was used for the nebulizer and desolvation gas.
Data acquisition and processing were performed using a MassLynx Ver 4.1. The operating parameters were as follows: capillary voltage 3.0 kV; cone voltage, 40 V; resolution, 10.0; source temperature, 120 C; desolvation temperature, 450 C; nebulizer gas flow, 50 L/h; desolvation gas flow, 500 L/h; and multiplier, 650 V. Hyp and IS were monitored by multiple reaction monitoring at m/z 132/68 and 135/71, respectively.
Standard solutions
A stock solution of 5000 nmol/mL of Hyp was prepared by dissolving 1.31 mg of Hyp in 2 mL of 6 mol/L HCl. Standard solutions (50, 100, 300, 500, 1000, 2500, and 5000 nmol/mL) for the calibration curve of seven concentrations were prepared by diluting the stock solution with 6 mol/L HCl. For the IS solution, IS was dissolved in water, and prepared at 8.2 nmol/mL.
Sample preparation
Male C57BL/6J mice (8 weeks of age) were purchased from CLEA Japan, Inc. (Tokyo, Japan). UUO was performed as described previously. 17 At 4 days after obstruction, mice were euthanized and the kidneys were collected. All animal studies were conducted in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) accredited facility. The experimental protocols were reviewed and approved by our Animal Care and Use Committee.
Kidney samples removed from C57BL/6J mice and the UUO model of this strain were lyophilized for approximately 24 h and approximately 5 to 10 mg of kidney sample was transferred into a screw vial with 6 mol/L HCl added to make 10 mg/mL of homogenate. The mixture was heated at 110 C for 5 h and cooled to room temperature. 18 The hydrolyzed sample was stored at -80 C before analysis. A 5-μL aliquot of hydrolyzed sample was transferred to a tube and 5 μL of 6 mol/L HCl, and 290 μL of IS solution were added. A 2-μL aliquot of assay solution was injected onto the LC/MS/MS system.
Calibration curve
Calibration curve samples were prepared to mix 5-μL of the seven known concentrations of the standard solutions with 5 μL of 6 mol/L HCl and 290 μL of the IS solution (n = 2 per concentration level), and a 2-μL aliquot of each assay solution was injected onto the LC/MS/MS system. The calibration curves were obtained by plotting the peak-area ratio of Hyp (y) versus the known concentrations (x) of the standards in urine through the weighted least-squares method with a weighting factor of 1/x 2 .
Precision and accuracy
Five quality control (QC) samples (nominal concentrations: 5, 10, 50, 400, and 500 nmol/mg) were prepared to mix 5-μL aliquot of hydrolyzed sample with 5 μL of the five known concentrations of the standard solutions. Five QC samples (nominal concentrations: 5, 10, 50, 400, and 500 nmol/mg) for within-run precision and accuracy and three QC samples (nominal concentrations: 10, 50, and 400 nmol/mg) for betweenrun precision and accuracy were used, respectively.
The within and between-run precision and accuracy were evaluated based on the determination values obtained from the analysis of replicates (n = 5 per each concentration level) of QC samples. The between-run precision and accuracy were evaluated based on the determination values obtained from the analysis of replicates (n = 15 per each concentration level) of QC samples.
Results and Discussion
Sample preparation and analytical conditions
Since the hydrophilic interaction (HILIC) separation mode has been applied to the analysis of hydrophilic compounds, such as amino acids, we initially tried to develop an analytical method for the determination of Hyp in mouse kidney using a HILIC column by LC/MS/MS. 12, 19, 20 In this separation mode, a deterioration of the HILIC column has been observed due to direct consecutive injections of strongly acidic hydrolyzed samples. In order to prevent column damage, the hydrolyzed kidney samples had to undergo evaporation and neutralization before injection of the assay solution to the HPLC. Thus, for the HILIC mode separation, this sample preparation would be a time-consuming process before sample preparation for hydrolyzed kidney samples.
Next, a specially designed procedure for the LC/MS/MS analysis for intact amino acids (Intrada Amino Acid) was examined as a separation column, having characteristics for the separation of amino acids without derivatization and compatible with the acidic samples. 15, 16 As a result, the hydrolyzed samples including Hyp could be directly injected by without any evaporation or neutralization step. No deterioration of the column was observed after more than 500 consecutive injections of hydrolyzed samples. Figure 2 shows typical chromatograms of Hyp and IS of mouse kidney (A) and calibration curves sample (B, lower limit of quantification (LLOQ); 5 nmol/mg). The LLOQ of the method was 5 nmol/mg (equal to 50 nmol/mL in homogenate), and was almost similar to those of the HILIC-LC/MS/MS method (LLOQ: 50 nmol/mL) and the HPLC-ECL method (30 nmol/mL).
As leucine (Leu) and isoleucine (Ile) having the same molecular weight (MW: 131) of Hyp would be produced by the hydrolyzing the kidney with HCl, these amino acids would be likely to be detected by multiple reaction monitoring at m/z 132/68 of Hyp. 8 Using the standard solution including leucine and isoleucine, the retention times were confirmed. As a result, Leu and Ile were eluted at around 3.5 min after sample injection in the chromatographic condition (data not shown), indicating that the peak of Hyp could be completely separated from those of Leu and Ile, and these two amino acids did not affect the determination of Hyp. The combination of hydrophobic and ionic interactions between the analytes and packed material might have contributed to the desirable separation.
Calibration curve and linearity
The accuracies obtained by comparing the back-calculated concentration and the spiked concentration were 97.8 to 103.2% in the assay range (n = 7, r 2 = 0.9991), indicating that the concentration of Hyp and the peak area of Hyp gave good linearity over the range of 5 to 500 nmol/mg.
Precision and accuracy
The within-run precision (as relative standard deviation, RSD) and accuracy (as bias to the theoretical value) were 0.9 -5.6% and 104.4 to 110.0%, and the between-run precision and accuracy were 2.9 -8.2% and 101.1 to 105.0%, respectively, as shown in Table 1 . The results showed acceptable precision and accuracy, indicating the feasibility of the analytical method.
In this method, the calibration curves samples were prepared using 6 mol/L HCl, instead of hydrolyzed samples (matrix free), and the QC samples were prepared using the hydrolyzed sample. As the QC samples including the matrix were analyzed using the calibration curves samples, the within-and between-run accuracy were 101.1 to 110.0%, as shown in Table 1 . This indicated that the Hyp could be quantitatively recovered from the matrix.
Stability
Hyp was confirmed to be stable in mice kidney hydrolysate after 3 freeze and thaw cycles (frozen at -80 C), for 4 h at room temperature, and for 34 days stored at -80 C. The stability of Hyp in the assay solution was also confirmed for 9 days of storage at 10 C in the autosampler.
Application of determination of Hyp of UUO model mice
The UUO induces tubulointerstitial fibrosis in the kidney and is a suitable model for investing the mechanisms leading to tubulointerstitial fiberosis. [3] [4] [5] 17 It has been reported that the collagen level in the kidneys of UUO model mice is increased significantly, compared to that of the sham operated mice. 5 Using this method, the Hyp concentrations in the kidneys of six UUO model and sham mice were determined. As shown in Fig. 3 , the concentrations of Hyp in sham and UUO model mice were 15.3 ± 0.7 and 38.5 ± 1.1 nmol/mg, respectively, revealing a significantly higher level of UUO model mice. The result indicated that our analytical method could be applied to determine the Hyp levels in the kidney of UUO model mice, which can provied an indication of fibrosis.
Conclusions
A simple, readily available, and robust bioanalytical method for the determination of Hyp in mouse kidney samples was developed using LC/MS/MS with an analytical column specially designed for the LC/MS/MS analysis for intact amino acids and the deuterium labelled Hyp as an internal standard. The validated bioanalytical method was confirmed to be both reliable and robust. This method can be routinely used for the analysis of Hyp concentrations in tissue samples, especially to estimate the status of diseases related to collagen degradation.
